In response to replication stress, signaling mediated by DNA damage checkpoint kinases protects genome integrity. However, following repair or bypass of DNA lesions, checkpoint signaling needs to be terminated for continued cell cycle progression and proliferation. In budding yeast, the PP4 phosphatase has been shown to play a key role in preventing hyperactivation of the checkpoint kinase Rad53. In addition, we recently uncovered a phosphatase-independent mechanism for down-regulating Rad53 in which the DNA repair scaffold Slx4 decreases engagement of the checkpoint adaptor Rad9 at DNA lesions. Here we reveal that proper termination of checkpoint signaling following the bypass of replication blocks imposed by alkylated DNA adducts requires the concerted action of these two fundamentally distinct mechanisms of checkpoint downregulation. Cells lacking both SLX4 and the PP4-subunit PPH3 display a synergistic increase in Rad53 signaling and are exquisitely sensitive to the DNA alkylating agent methyl methanesulfonate, which induces replication blocks and extensive formation of chromosomal linkages due to template switching mechanisms required for fork bypass. Rad53 hyper-signaling in these cells seems to converge to a strong repression of Mus81-Mms4, the endonuclease complex responsible for resolving chromosomal linkages, thus explaining the selective sensitivity of slx4Δ pph3Δ cells to alkylation damage. Our results support a model in which Slx4 acts locally to down-regulate Rad53 activation following fork bypass, while PP4 acts on pools of active Rad53 that have diffused 4 from the site of lesions. We propose that the proper spatial coordination of the Slx4 scaffold and PP4 action is crucial to allow timely activation of Mus81-Mms4 and, therefore, proper chromosome segregation.
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INTRODUCTION
Replication stress is one of the main sources of genomic instability that has been associated with the onset of cancers (BRANZEI and FOIANI 2009; KASTAN and BARTEK 2004; MYUNG et al. 2001) . To cope with stress during DNA replication, cells rely on the DNA damage checkpoint (DDC), a surveillance mechanism that senses abnormal DNA structures and elicits signaling responses that coordinate multiple cellular processes. With the goal of preserving genome integrity and cell viability, DDC signaling triggers cell cycle arrest (WEINERT and HARTWELL 1988) , inhibition of replication origin firing (SANTOCANALE and DIFFLEY 1998; ZEGERMAN and DIFFLEY 2010) and replication fork protection mechanisms that include an increase of dNTP pools (DAVIDSON et al. 2012; ZHAO et al. 2001; ZHOU and ELLEDGE 1993) and inhibition of nucleases such as Exo1 (MORIN et al. 2008) . In Saccharomyces cerevisiae, the DDC is orchestrated mainly by the action of the apical PI3K-like kinase (PI3KK) Mec1 (ATR in humans) that senses the damage as exposure of single-stranded DNA (ssDNA) and transduces the signal to the downstream effector kinase Rad53 (human CHK2/CHK1), which will then enforce most of the responses that characterize a canonical DDC (SANCHEZ et al. 1996; SUN et al. 1996) . A critical step in the activation of the DDC is the recruitment of Rad53 to sites of DNA lesions. While Mec1 is rapidly recruited to regions of ssDNA via a direct interaction of its cofactor Ddc2 with ssDNA-coated RPA (ZOU and ELLEDGE 2003) , the recruitment of Rad53 is subject to extensive regulation and requires the involvement of DDC adaptors (a.k.a. mediators) Rad9 or Mrc1.
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Mrc1 is a component of the replisome and is mostly involved in recruiting Rad53 to stalled replication forks (ALCASABAS et al. 2001) . Rad9 mediates Rad53 recruitment and activation in response to a broader variety of DNA lesions, including double strand breaks (DSBs) and DNA lesions induced by replication stress in which replication forks bypass the lesion, leaving ssDNA gaps behind (BRANZEI and FOIANI 2010; GILBERT et al. 2001; SCHWARTZ et al. 2002; SUN et al. 1998) . Rad9 is recruited to DNA lesions by direct recognition of chromatin marks, including histone H2A phosphorylated at serine 129 (gamma-H2A) and methylated histone H3K79 (GIANNATTASIO et al. 2005; GRENON et al. 2007; HAMMET et al. 2007) , via its BRCT and Tudor domains, respectively. Rad9 is also recruited to DNA lesions via interaction with the Dpb11 scaffold, which binds to a Mec1-phosphorylated site in the 9-1-1 clamp loaded at ss/dsDNA junctions (GRANATA et al. 2010; PFANDER and DIFFLEY 2011; PUDDU et al. 2008) .
Recruitment of Rad9 via multiple partially redundant mechanisms is believed to increase opportunities for regulating Rad53 recruitment and activation, therefore helping to fine-tune DDC activation levels (OHOUO and SMOLKA 2012) . Once Rad9 is recruited, it is extensively phosphorylated by Mec1, creating docking phospho-sites that are recognized by the FHA-domains (forkhead-associated domains) of Rad53, enabling Rad53 to be recruited in the vicinity of Mec1 (GRENON et al. 2001; SCHWARTZ et al. 2002; SWEENEY et al. 2005) . Mec1 then phosphorylates and activates Rad53, which undergoes further autophosphorylation in trans to reach its full activation state .
Once activated, Rad53 is believed to quickly diffuse throughout the nucleus to 7 phosphorylate its physiological substrates eliciting a global checkpoint response [for review see (PELLICIOLI and FOIANI 2005) ].
Despite the key roles for Rad53 signaling in the replication stress response, it is imperative that its activity is precisely regulated. Because checkpoint signaling
represses DNA replication and cell cycle progression, down-regulation of Rad53 activity is essential for the resumption of cell proliferation once the DNA damage is repaired or bypassed. Although activation of DDC has been extensively studied, less is understood about its down-regulation. The PP2C phosphatases, Ptc2 and Ptc3, were first characterized as important for Rad53 dephosphorylation and checkpoint recovery following DSB induction (LEROY et al. 2003) . Later on, the PP4 phosphatase complex Pph3-Psy2 was shown to be important for Rad53 dephosphorylation following treatment with the DNA alkylating agent methyl methanesulfonate (MMS), which generates replication blocks that are readily bypassed by moving replication forks (O'NEILL et al. 2007 ).
In addition to phosphatase-mediated mechanisms, we have recently uncovered a new mechanism of Rad53 down-regulation involving direct displacement of Rad9 from DNA lesions OHOUO et al. 2013 
MATERIALS AND METHODS
Yeast strains and plasmids. Strains generated in this study were derived either from MBS164 or MBS191 (both congenic to S288C) or W303 (where indicated).
All yeast strains and plasmids used in this study are described in supplementary tables S1 and S2, respectively. Strains were constructed using standard genetic protocols for knockout and epitope tagging (BÄHLER et al. 1998; LONGTINE et al. 1998 ). All yeast transformations were performed using the lithium acetate method (GIETZ et al. 1992) . Yeast strain carrying the rad53-R605A allele was generated by linearizing a plasmid carrying rad53- and integrating it at the endogenous RAD53 locus. Integration was selected on rich medium (YPD) in the presence of G418 (300µg/mL was taken for control. Cells were then treated with MMS for 2 hours, then centrifuged and recovered in fresh, MMS-free medium for up to 6 hours. For a detailed protocol please see . Chromatin Immunoprecipitation (ChIP) and deep sequencing. ChIP-seq analysis was performed as previously described (BALINT et al. 2015) . Briefly, cells were synchronously released into 0.04% MMS for 60 min, cross-linked with formaldehyde, and subjected to chromatin immunoprecipitation. Sequencing libraries were generated from immunoprecipitated (IP) and input (IN) DNA using the Nextera™ XT DNA Sample Preparation Kit (Illumina) with custom Index primers, and sequenced using the HiSeq 2500 (Illumina). Data are presented for chromosome ten as a log2 ratio of normalized read counts for each IP:input pair.
Confocal
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Enrichment values for 1 kb bins across 50 kb upstream and downstream of each replication origin were extracted to visualize median (± standard error) protein enrichment across all early origins. Replication profiles were generated using VarScan 2 [version 2.3.5; default settings (KOBOLDT et al. 2012) ] by comparing sequencing read counts from the input samples with sequencing read counts from a reference sample from a G1-arrested strain (BY4741). All sequencing data are deposited in the Sequence Read Archive (http://www.ncbi.nlm.nih.gov/sra; Study accession SRP062915).
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RESULTS
Cells lacking PPH3 or SLX4 display similar defects upon MMS-induced replication blocks
Rad53 is activated in response to a wide range of genotoxins and types of replication stress (PELLICIOLI et al. 1999; SUN et al. 1996) . Notably, pph3Δ cells CHANG et al. 2002; O'NEILL et al. 2007; OHOUO et al. 2013; ROBERTS et al. 2006) . Furthermore, both pph3Δ cells and slx4Δ cells exhibit MMS-induced chromosomal defects visualized by PFGE [( Figure 1D ), see also (ROBERTS et al. 2006) for slx4Δ], a defect often attributed to either incomplete chromosomal replication or improper processing of joint chromosomal structures (HENNESSY et al. 1991; SAUGAR et al. 2013) . Consistent with these findings, checkpoint signaling has been shown to counteract DNA replication, S-phase progression and timely resolution of joint chromosomes (SANTOCANALE and DIFFLEY 1998; SZAKAL and BRANZEI 2013; SZYJKA et al. 2008) . Of importance, the MMS sensitivity of both pph3Δ cells and 14 slx4Δ cells could be rescued by a hypomorphic allele of RAD53 (rad53-R605A)
that we have previously shown to lower Rad53 activation levels (OHOUO et al. 2013 ) ( Figure 1E ). Taken together, these results show that pph3Δ cells display similar defects as slx4Δ cells upon exposure to MMS-induced replication stress, and that in both cases the observed defects are caused by improper regulation of Rad53 signaling.
Pph3 and Slx4 represent complementary mechanisms for Rad53 downregulation following MMS-induced replication stress
To better understand the functional interplay between the phosphatase-mediated Figure 3A , see also (GRITENAITE et al. 2014) ]. As for Pph3, a pph3∆ sgs1∆ strain also showed enhanced MMS sensitivity compared to single mutants and deletion of PPH3 did not significantly increase the sensitivity of mus81Δ cells to MMS ( Figure 3B ).
Taken together, these results are consistent with the model in which a major cause of MMS sensitivity in both pph3Δ cells and slx4Δ cells is related to the inability of these cells to trigger the timely activation of Mus81-Mms4. While
Rad53 hyper-signaling in these mutants likely has a broad impact on other events linked to cell cycle progression, the fact that these cells are selectively sensitive to MMS suggests that Mus81-Mms4 activation likely becomes the major limiting factor upon extensive accumulation of JMs.
We reasoned that if a crucial role of PPH3-dependent or SLX4-dependent down-regulation of Rad53 signaling is to promote timely Mus81-Mms4 activation, the rad53-R605A allele would rescue the MMS sensitivity of either slx4Δ or pph3Δ cells but not the sensitivity of cells lacking MUS81. Indeed, swapping the endogenous copy of RAD53 for the rad53-R605A allele failed to rescue the MMS sensitivity of mus81Δ, mus81Δ pph3Δ or mus81Δ slx4Δ cells ( Figure 3C and Figure S2 ). Interestingly, while rad53-R605A allele could rescue the strong intra-S delay observed in mus81Δ pph3Δ slx4Δ cells ( Figure 3D ), we could not observe any rescue of the chromosome defects seen by PFGE ( Figure 3E ). This finding strongly suggests that the chromosome defects seen by PFGE in slx4Δ
and pph3Δ cells are not due to the negative impact of Rad53 signaling on bulk Upon replication stress, the sensor kinase Mec1 extensively phosphorylates histone H2A at serine 129 (gamma-H2A) to form a platform of gamma-H2A surrounding the site of lesion (BALINT et al. 2015; SHROFF et al. 2004 ). This gamma-H2A platform recruits Rad9, via BRCT domains, and therefore contributes to promote Rad53 activation (HAMMET et al. 2007; OHOUO et al. 2013) . Unexpectedly, previous work from the Haber lab found that the nonphosphorylatable S129A mutation in H2A does not rescue, but slightly increases, the MMS sensitivity of pph3Δ cells (KIM et al. 2011) . Here, elucidation of the complementary actions of Pph3 and Slx4 provides important insight into the roles of gamma-H2A in the response to MMS treatment. As shown in Figure 4A , the hta-S129A mutation does not provide any rescue of the MMS sensitivity of pph3Δ cells, but confers substantial, albeit incomplete, rescue of slx4Δ cells. The apparent antagonistic roles of gamma-H2A in each of these mutants may be explained by the fact that the Slx4-Rtt107 complex strictly relies on gamma-H2A for recruitment (BALINT et al. 2015) and enforcement of DAMP (OHOUO et al. 2013) , whereas Rad9 can be recruited via either gamma-H2A or methylated H3K79 (GIANNATTASIO et al. 2005; TOH et al. 2006; WYSOCKI et al. 2005) . A likely scenario is that in the absence of PPH3 there is an increased dependency on the Slx4-Rtt107 complex for counteracting Rad53 activation, and gamma-H2A becomes crucial for checkpoint down-regulation, while not essential for checkpoint activation (Rad9 can still be recruited via methylated H3K79).
Therefore, hta-S129A will mostly result in less checkpoint dampening and increased checkpoint activation in pph3Δ cells. On the other hand, in the absence of SLX4, as gamma-H2A serves mainly for checkpoint activation, hta-S129A will lead to reduced checkpoint activation. Indeed, we observed that expression of the hta-S129A mutant increased activation of Rad53 in pph3Δ cells, but reduced Rad53 activation in slx4Δ cells ( Figure 4B ). Finally, we predicted that elimination of H3K79 methylation, important for Rad9 recruitment but not for Slx4-Rtt107 recruitment, would cause an opposite effect than the hta-S129A mutation, resulting in rescue of MMS sensitivity of pph3Δ cells. To test this idea, we deleted DOT1, the methyltransferase responsible for methylation of H3K79 ( VAN LEEUWEN et al. 2002) , in pph3Δ cells and in slx4Δ cells and monitored MMS sensitivity. As predicted, dot1Δ rescued the MMS sensitivity of pph3Δ cells as well as of slx4Δ cells ( Figure 4C ). These results elucidate the apparent antagonistic roles of gamma-H2A in checkpoint control ( Figure 4D ) and highlight the elaborate coordination of the actions of Pph3 and Slx4 during the response to MMS. Interestingly, gamma-H2A is itself a target of Pph3 (KEOGH et al. 2006) , adding an additional level of complexity to the coordinated action of Pph3 and Slx4-Rtt107.
Slx4-Rtt107 and PP4 function in spatially distinct modes
Single mutant cells lacking either PPH3 or SLX4 display hyperactive Rad53 activation ( Figure 1B ), revealing that these mechanisms of Rad53 downregulation are not redundant and cannot be fully compensated by each other. We shown to strongly reduce Rad53 activation by counteracting the Rad9 adaptor at sites of lesions , could fully rescue the MMS sensitivity of cells lacking SLX4 but not the sensitivity of cells lacking PPH3 ( Figure 5C ). In contrast to MBD, the rad53-R605A hypomorphic allele can fully rescue the MMS sensitivity of pph3Δ cells (see Figure 1E ), which suggests that PPH3 is crucial to deactivate even low levels of activated Rad53 that have diffused from the site of lesion. It is important to mention that the MBD module only docks at the lesion site after an initial bout of Mec1 activation that creates the gamma-H2A and 21 phospho-Ddc1 anchoring points for the BRCT domains of Rtt107 and Dpb11, respectively . In this manner, some population of active Rad53 would be quickly generated, even upon expression of MBD. But once diffused, active Rad53 molecules would be unable to be properly de-activated in pph3Δ cells.
To better spatially define the action of Pph3, and specifically address the question of whether it acts on chromatin or on free pools of histone H2A during replication stress, we used ChIP-seq to monitor gamma-H2A, another Pph3 target (KEOGH et al. 2006) . Because gamma-H2A can be robustly detected on chromatin, even in the absence of DNA damage (SZILARD et al. 2010) , it provides a convenient substrate to address whether Pph3 acts or not on chromatin. We Figure   5E ) we could not detect preferential accumulation of gamma-H2A at those same origin-proximal regions, and the overall detected signal is de-localized and appears across the entire chromosome, with concurrent accumulation of massive amounts of total gamma-H2A ( Figure 5I ). Of note, the differential accumulation of 22 gamma-H2A at early origins in wild type and slx4Δ cells compared with pph3Δ cells ( Figure 5G ) is not due to differences in the replication timing between these strains ( Figure 5H ). We interpret this result as Pph3 acting mainly on free pools of gamma-H2A, before they are recycled back onto chromatin, consistent with previous work showing that Pph3 does not act on chromatin gamma-H2A upon DSB induction (KEOGH et al. 2006) . In summary, the microscopy, genetic and ChIP data presented above support the model that Pph3 and Slx4 function in spatially distinct manners. Our work here supports the model that Slx4-Rtt107 have a primary role in down-regulating Rad53 activation locally, on chromatin, as replication forks bypass lesions, whereas Pph3 likely has a more predominant role in dephosphorylating active Rad53 at diffused nuclear pools ( Figure 5J ). Figure 3C ). Interestingly, drugs that result in other types of replication stress that do not induce extensive JM formation also lead to cell cycle arrest, but do not cause growth sensitivity in slx4Δ and/or pph3Δ cells. We speculate that while other cell cycle-dependent events are probably executable with low levels of CDK and/or Cdc5 activity, JM resolution requires robust and timely activation of these cell cycle kinases. In addition, it is possible that if activation of Mus81-Mms4 is delayed for too long, aberrant JM processing can compromise chromosomal integrity and cell viability. 
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DISCUSSION
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Rad53 as a mobile kinase
The mechanism underlying Rad53 activation presupposes that it is activated in a localized manner at sites of DNA lesions (ALCASABAS et al. 2001; GILBERT et al. 2001 (KATOU et al. 2003) ; (3) CHK2, the mammalian homolog of Rad53, has been shown to form a pan nuclear distribution throughout the nucleus minutes after DNA double strand break formation, and forced immobilization of CHK2 at the DNA lesion site affects phosphorylation of CHK2 targets (LUKAS et al. 2003) . The realization that Rad53 is a highly mobile kinase has crucial implications for understanding how it is de-activated and is congruent with our finding of two complementary modes of Rad53 de-activation, one acting locally to prevent new Rad53 molecules from being activated and another acting globally to de-activate pools of active Rad53 that have diffused form the site of lesion. Interestingly, a recent report has shown that Pph3 foci co-localize with an intranuclear quality control compartment (INQ) proposed to be involved in the recovery from genotoxic stress (GALLINA et al. 2015) . It is tempting to speculate that global pools of active Rad53 and phosphorylated H2A are eventually sequestered into these INQ compartments for de-phosphorylation.
A spatial model for termination of Rad53 signaling following the bypass of
DNA lesions
We propose a model in which the proper down-regulation of Rad53 signaling requires the concerted action of the Slx4-Rtt107 scaffold and the PP4
phosphatase. The Slx4-Rtt107 complex functions at sites of lesions to prevent continued Rad53 activation via the Rad9 adaptor. As previously reported, this is achieved by the ability of Slx4-Rtt107 to interact with the Dpb11 scaffold and lesion-specific phospho-sites in histone H2A and on the Ddc1 component of the 9-1-1 complex. However, this DAMP mechanism is unable to deal with the pools of activated Rad53 that have diffused from the site of lesion. In this manner,
proper termination of Rad53 signaling also requires the action of the PP4 phosphatase, which should presumably be capable of de-activating the pools of Rad53 that have diffused. Consistent with this notion, localization data reveal that Pph3 is evenly distributed throughout the nucleoplasm or at the specialized INQ compartment (GALLINA et al. 2015) and ChIP data show that the gamma-H2A is likely not dephosphorylated by Pph3 on chromatin, but in the nucleoplasm as it is being recycled back to chromatin. Interestingly, the recent finding that Pph3 28 physically interacts with Mec1 (HUSTEDT et al. 2015) raises new possibilities as to how Pph3 may strategically localize to more efficiently target the pools of Rad53 emanating from sites of activation.
Overall, the proposed model for the spatial coordination of Rad53 de-activation is supported by the genetic, biochemical and cell biological data presented here.
Mus81 action requires an increase in Cdc5 and CDK activity, and it is plausible that both of these kinases, similar to Rad53, are also highly diffused throughout the nucleus. It is tempting to speculate that Cdc5 itself may be somehow ) and (E), assays were performed as described in Figure 1A . 
